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SUMMARY
The recently explored Cueva de Los Camarones, in the remote village of Constitucion, Chiapas, Mexico, houses a unique highly variable population of Procambarus crayfish (Crustacea, Decapoda). Morphologically, a more or less dinal variation is revealed at several features such as the degree of rudimentation in both pigmentation and eye, and the elongation of body and appendages.
Extremes are quite different, ranging from typical dark, thick, eyed individuals to light, elongated, microphtalmic phenotypes. Evolutionary relationships among individuals were investigated electrophoretically (25 structural gene loci) and morphometrically (12 characters) by means of multivariate analyses. Results from analysis of individual allozymic multilocus profiles indicate that the «light» phenotypes belong to a distinct gene pool with respect to the «dark» ones, but some level of introgression is hypothesized. Results from analysis of individual morphometric profiles also show a discrimination between «light» and « dark» samples, chiefly determined by the shape of the rostrum and chela. The existence of such a discontinuous variation both in morphometric and allozymic characters presumably reflects a history of allopatric divergence followed by secondary contact of the two species.
Following earlier biospeleological investigations in Mexico supported by the Accademia Nazionale dei Lincei (Sbordoni and Argano, 1972; Sbordoni et al., 1973 Sbordoni et al., , 1977 Reddell, 1981) , the most recent Italian expeditions called «Malpaso» were carried out in the southern state of Chiapas and produced a deal of speleological and biospeleological discoveries (Circo-10 Speleologico Romano, 1986).
Besides several taxonomic novelties, the «Mal paso" expeditions led to discover a few aquatic cave populations which appear to be of special interest for the evolutionary biologist. These include Rhamdia Pimelodid fish, Pseudothelphusid crabs, undetermined snails as well as Proeambarus crayfish (Sbordoni et aI., 1986) . Basically these populations show a deal of individual variability in several troglomorphic features at such an extent that extreme epigean-like vs troglobite-like forms could appear to belong to distinct species.
Had a palaeontologist found a similar situation in the fossil records, he could interpret these contrasting morphologies as instances of punctuation. Thus, among several good reasons to investigate these phenomena, one is to elucidate the « tempo and mode" of their evolution.
This paper reports preliminary analyses carried out on an unique, highly variable population of Proeambarus crayfish, discovered during « Malpaso '84 " expedition. This population inhabits a recently explored cave, Cueva de Los Camarones, in the remote village of Constitucion,30 km North of Cintalapa, Chiapas. The cave, described by Gambari and Topani (1986) , consists of two main passages, one of which is traversed by a periennal stream. Near the entrance a lake-siphon occurs, providing water to the surface river. The cave stream is about 1 km long, and terminates in another siphon. Proeambarus crayfishes were widespread throughout the stream, beginning from the lake near the entrance up to the inner explored section of the cave. Morphologically, a more or less clinal variation is revealed at several features such as the degree of rudimentation in both pigmentation and eye, and the elongation of body and appendages (Fig.  1) . Extremes are quite different, ranging from typical dark, thick, eyed, surface-like individuals to light, elongated, microphtalmic, troglobite-like phenotypes (Sbordoni et aI., 1986) .
Studies concerning analogous situations, also in other organisms. are not very numerous, although some of them reported in the literature are well known (for a review see Culver. 1982) . Very high within population variation in cavernicolous traits has been usually interpreted as due to hybridization with a surface ancestor still alive, after relatively short periods of isolation in caves.
The characin fish Astyanax faseiatus, one of the most common freshwater fishes in Middle America, represents the best known case of populations with adaptive characters for cave environment that can still interbreed with surface populations. This species has developed a series of cave living populations isolated from surface ones for periods of time as a result of subterranean stream capture, within a geographically limited area in Central Mexico (Mitchell et al., 1977) . Part of cave living populations, which were originally described as species, are characterized by the almost complete reduction of eyes and pigmentation. Two further populations show variability of eye and pigmentation. In particular, the Chica cave contains a hybrid population between an extremely reduced cave form and the epigean population (Avise and Selander, 1972; Wilkens, 1972 Wilkens, , 1985 . The Chica cave situation appears to be comparable, at least morphologically, to that found in Procambarus crayfish in the Cueva de Los Camarones, although underlying evolutionary processes might not be the same.
A first sampling of Procambarus population in the Cueva de Los Camarones was made in 1986, keeping apart individuals collected in the lake from those in the inner section of the cave stream. Typical «light» phenotypes were collected only in this portion of the cave, although at least one individual was observed in the lake. In order to enlighten evolutionary relationships among individuals, it has been investigated on possible quantitative and qualitative differences between the two extremes «light» and «dark» phenotypes, at the morphological and allozymic level.
MATERIAL AND METHODS
Unfortunately, out of 37 individuals only 18 arrived still alive in the laboratory and were utilized also for electrophoretic analysis; other 19 specimens were preserved in alcohol and were utilized only for morphometrical analysis. The crayfishes were subdivided in two groups: 16 light individuals, all males, 13 of which alive, and 21 dark individuals, 8 males and 13 females, only 5 of which alive. The «dark» group includes samples more or less darkly pigmented.
Each individual was assayed at 25 enzyme loci by horizontal starch gel electrophoresis, using crude homogenates of abdominal muscle or of the cephalotorax, depending on the enzymes. The enzyme patterns were revealed according to the procedures described in Ayala et al. (1972) and Harris and Hopkinson (1976 F-statistics analysis (Fst; Wright, 1965) was utilized to measure differentiation between the two groups. Significance of the observed Fst values per locus was tested with a chi-square heterogeneity test (Workman and Niswander, 1970) . Estimates of genetic identity (I) and distance CD) between dark and light crayfishes were calculated using Nei's method (1972) .
Biometric analysis was made on a sample of 29 individuals, including only 10 out of those assayed electrophoretically, because of heavy damages of the 8 remaining animals. Each specimen has been measured for 12 different characters using uniform techniques; carapace length (CAU, rostrum length and width mOL and ROW), dactyl length (CDU, palm length and width (CPL and CPW), length of mesial margin of palm (CMU, carpus length (CCL), merus length (MEU, abdomen length (ABU, telson length and width (TEL and TEW).
Principal component analysis has been used to compare ordination patterns in morphometric and allozymic traits. The input matrix for allozyme analysis consisted of 30 allelic variables ( Table 1) . It was performed utilizing multilocus genotypic profiles of single individuals. Each individual was characterized for each variable as 1 if homozygous for that allele and as 0.5 if heterozygous. This coding of data allows one to analyse genetic relationships without any apriori assignment of individuals to any group. In addition, the same set of data was employed in a cluster analysis (TRGRPS algorithm by Orloci, 1976) to establish hierarchical relationships among genotype's.
The morphometric matrix for the principal component analysis was based on individual morphometric profiles, consisting of 12 variables (Table 2) . Size has been removed according to Jolicoeur and Mosimann (1960) . This method assumes that the first component represents overall size. since all characters are positively and similarly correlated with it. So the remaining principal components may be considered as size-independent shape descriptors. Table 3 shows allele frequencies per locus for each group. Of the 25 loci assayed. 11 Fum, Ldh, Sad) were found to be monomorphic. with the same allele in both dark and light groups (a locus is considered polymorphic if the most common allele has a frequency lower than 0.99). The remaining 14 loci Ao~l, Got, Lap, Mpi, Pep, Pgm, Phi, showed variation at least in one of the two groups.
RESULTS
Some loci show alleles typical of either light or dark crayfishes. The Pgm. locus shows 3 alleles, one of which is present in the light crayfishes onlj. The Aph-2 locus shows 3 alleles too, but one is peculiar of the « darks», one of the « lights» and one is shared by the two phenotypes. The Got, Mpi, Pep, and Xdh loci present the same alleles in both groups but with widely different frequencies. Namely. heterozygotes at the Xdh locus were found only in the « dark» sample.
The degree of variability is similar in both groups; expected heterozygosity (He) is 0.125 and 0.120 in light and dark group respectively. Observed heterozygosity per individual is reported in Table 1 . Table 4 provides estimates of Fst for each polymorphic locus across two groups examined. On average, the Fst values are large enough and statistically highly significant (heterogeneity chi-square significant at P < 0.001). they range from 0.003 to 0.820 with an average of 0.,321.
The genetic distance value between the two groups sampled is 0.208. Principal component analysis performed on morphometric data reveals that the variables responsible of the differentiation between the light and dark crayfishes are chiefly those reflecting the shape of the rostrum and chela. All 12 characters load positively on component I (PC D and contribute similarly. thus PC I is very likely size related (Table 5) . Component II (PC II) is highly correlated with ROW (negative correlation). MEL and CDL. and accounts for discrimination between light and dark phenotypes. Component III (PC lID is correlated with CPW, CCL, CML, ABL and TEW, and reveals mainly shape differentiation between dark males and females (for character symbols see section Material and Methods). 
DISCUSSION
It has been showed that environmental factors can have a large effect on pigmentation. In particular, Maguire (1961) , studying a cave population of another crayfish species, Procambarus simulans simulans, found a situation analogous to that reported in this paper; crayfish collected progressively upstream, nearer to the entrance, were progressively more deeply pigmented. In this case, according to Maguire, the differences in pigmentation chiefly depend on nutritional factors, in relation to carotenoid availability. Although it is lifelike, this explanation cannot fit well to situation found in the Cueva de Los Cam arones, because of the high degree of genetic differentiation between the two forms, correlated with their morphological divergence. (Allegrucci et aI., 1981 (Allegrucci et aI., , 1982 Cobolli Sbordoni et aI., 1983 , 1987 Delay et aI., 1980; Sbordoni, 1982; Sbordoni et aI., 1987) . Furthermore by comparing our data with those reported for Astyanax fasciatus (= A.mexicanus; Avise and Selander, 1972) it should be noted that the level of genetic differentiation found between light and dark Pr'ocambarus is three times higher than that calculated between Chica cave population and the nearby surface population (Nei's D = 0.07). On the other hand, genetic distances between surface and pure cave dwelling populations of Astyanax. namely A.hubbsi and A.antrobius (average Nei's D equal to 0.151 and 0.206 respectively), are similar to values between the two Procambarus phenotypes.
Principal component analysis, performed on individual allozymic multilocus profiles, confirmed differences between the light and dark crayfishes and suggests that the two forms belong to distinct gene pools (Fig. 2) . Genotypes rather than allele frequencies have been considered in ordination analysis. This method appears to be especially advisable in studying relationships among sympatric species and to detect hybridization or possible introgressive individuals. Evidence of hybridization between the two groups is not supplied by allozymes, and data from such a small sample cannot provide positive evidence of introgression.
However, the dendrogram drawn up on the basis of TRGRPS clustering of genotypes reveals some heterogeneity within both « light» and «dark» groups (Fig. 3) . On the other hand, heterozygosity values determined for these crayfish species are higher in comparison to reported values for decapods, and in particular for other Procambarus species (Table 6 ; Attard and Pasteur, 1984; Brown, 1981; Hedgecock et aI., 1982 Hedgecock, 1980; Nemeth and Tracey, 1979) . Sympatric condition of two species in the Cueva de Los Camarones represents a good opportunity for possible occurrence of genic introgression, especially between species of relatively recent origin as the Pr'ocambarus «light" and «dark" might be. Thus, some level of introgression could account for the high degree of heterozygosity observed in these species. Actually, heterozygosity values calculated for individual support this hypothesis. Some individuals (n.rs 9, 13 «light,,; 16, 17 «dark,,) show heterozygous condition at about 16-20 per cent of assayed loci, displaying alleles shared by the other species (Table 1 and Fig. 2) .
Individual morphometric profiles studied through principal component analysis also show a clear discrimination of the « light" species mainly determined by the shape of the rostrum and chela (Fig. 4) . Thus, there is a correlation between the degree of pigmentation and some morphological characters.
The existence of discontinuous variation both in morphometric and allozymic characters presumably reflects a history of allopatric divergence. It could be supposed that the two crayfish populations have become isolated because of shifting in patterns of drainage or lack of connection between the cave and surface. A subsequent interconnession could have allowed the secondary contact of the two species in the same cave. However, alternative hypothesis such as dinal speciation or differentiation by area effect cannot be ruled out in the present status of research. Further research in progress is aimed to investigate whether introgression really exists and whether patterns of microgeographic variation within the «light» and «dark» species are detectable both at structural gene loci and in morphometric characters. Moreover, taxonomic treatment of these species by identification of diagnostic morphological characters will be undertook. First principal component appeared size-related, thus it was removed.
